Introduction
Boundary currents along the western and eastern boundaries of ocean basins and along topographic features are a key part of the deep ocean circulation (e.g., Fine & Molinari, 1988; Stommel, 1958; Stommel & Arons, 1960a , 1960b Whitworth et al., 1991) . Observational studies indicate narrow boundary pathways along the western and eastern boundaries of the Southern Hemisphere ocean basins and along major topographic ridges that are responsible for carrying the vast majority of upwelling deep waters from 30
• S to the Antarctic Circumpolar Current (ACC; e.g., Faure & Speer, 2012; Hufford et al., 1997; McCartney & Donohue, 2007; Shaffer et al., 1995; Schulze Chretien & Speer, 2018; Well et al., 2003) . The importance of these boundary pathways for Southern Ocean upwelling was more recently confirmed by Tamsitt et al. (2018) using Lagrangian experiments in three eddying ocean models. The western boundary pathways are, for the most part, well characterized deep western boundary currents (along the eastern coast of South America in the Atlantic, off the southern tip of Africa in the Indian, and east of New Zealand in the Pacific). In the Indian and Pacific Oceans, deep water also flow poleward toward the ACC along mid-ocean ridge systems. A third type of poleward flowing deep water pathway exists along the eastern boundary of each basin; however, the dynamics of these deep eastern boundary currents (DEBCs) are not well understood. There has been recent progress in characterizing the structure and dynamics of both the eastern Atlantic (Van Sebille et al., 2012) and the eastern Pacific (Faure & Speer, 2012; Schulze Chretien & Speer, 2018) . However, the eastern Indian DEBC has received attention in few works, due to both a lack of observations and a lack of recognition of the significance of these pathways (Faure & Speer, 2012; Hufford et al., 1997; McCartney & Donohue, 2007; Schulze Chretien & Speer, 2018) .
The deep Indian Ocean has no northern surface sources for deep and bottom waters, and thus, Indian Deep Water (IDW) is formed diffusively from abyssal waters via diapycnal mixing in the interior (e.g., Schmitz, 1995; Talley, 2011 Talley, , 2013a . The IDW water mass at 30
• S in the eastern Indian is characterized by low oxygen (<190 mol/kg), high nutrient concentrations (silicate >100 mol/kg), and relatively high salinity north of 30
• S, with neutral density in the range 27.70-28.11 kg/m 3 (McDonagh et al., 2008) . Along with Pacific Deep Water, IDW is a key source of carbon and nutrient-rich deep water to the upper ocean via Southern Ocean upwelling. Although the volume transport of the outflow of deep water from the eastern Indian Ocean pathway is weaker than in the western Indian in observations (Hufford et al., 1997; McDonagh et al., 2008) and model analyses (Tamsitt et al., 2017) , this route carries the most carbon-rich IDW from the Indian Ocean to the Southern Ocean (see figures in Key et al., 2004; Talley, 2013b) .
The upper ocean circulation in this region is well described. On the continental shelf a seasonally varying, shallow, poleward eastern boundary current (the Leeuwin Current) connects to an eastward flow along Australia's southern shelf (the South Australian Current), before flowing southward west of Tasmania (the Zeehan Current; Ridgway & Condie, 2004;  Figure 1 ). In the subsurface and somewhat further offshore along the continental slope, the westward flowing Flinders Current travels along the southern Australian continental slope from Tasmania to Western Australia (Bye, 1972; Middleton & Cirano, 2002) . It connects to the northward flowing Leeuwin Undercurrent as it rounds the tip of western Australia and forming the connection of the southern hemisphere supergyre (Speich et al., 2002; Ridgway & Dunn, 2007) . The Flinders Current can be understood in terms of Sverdrup dynamics: positive wind stress curl in the South Australian Basin drives a northward Sverdrup transport, which must be deflected to the west along the northern The possible pathways of deep and bottom water flows into and out of the eastern Indian Ocean are heavily constrained by numerous undersea ridges and basins (Mantyla & Reid, 1995) . In the Perth Basin, a northward Deep Western Boundary Current carrying deep and abyssal waters along the western flank of the Perth Basin at the Broken Plateau is overlaid by a southeastward deep water flow along the eastern side of the basin close to the Naturaliste Plateau (Robbins & Toole, 1997; Sloyan, 2006; Talley & Baringer, 1997; Toole & Warren, 1993) . Integrated transports based on hydrographic sections at 32
• S in 1987 and 1995 indicate southward flow in deep layers in the interior and eastern boundary of Perth Basin, indicating the possible presence of a DEBC (Robbins & Toole, 1997; Talley & Baringer, 1997 (Figure 1 ). Hufford et al. (1997) were the first to suggest that this may be connected to the upstream southeastward flow rounding the southwest corner of Australia (Figure 1 ). This finding is supported by lowered Acoustic Doppler Current Profiler (LADCP) velocity data from the same hydrographic sections, which indicate the deep eastward flow below 2,000 m extending 300 km southward from the Australian coast (McCartney & Donohue, 2007) .
At 115
• E and further east along the South Australian Coast and south of Tasmania at 140
• E, hydrographic sections show a deep oxygen minimum along the southern edge of the Australian continental shelf, consistent with the presence of deep water of Indian origin Talley, 2007 Talley, , 2013a . In contrast to deep waters throughout the rest of the meridional sections southward to Antarctica, this oxygen minimum contains no chlorofluorocarbons and high dissolved inorganic carbon (Talley, 2007 (Talley, , 2013a . However, an inverse analysis of this data did not identify a significant eastward flow of deep water .
Although the presence of this DEBC was suggested from the oxygen, chlorofluorocarbon, and carbon signatures as measured during WOCE, the scarcity of observations of deep ocean properties and velocities south of Australia has hindered further investigation into the structure of the Indian DEBC that connects the Indian Ocean to the ACC via the southern coast of the Australian mainland and Tasmania (Figure 1 ). However, recent evidence from eddying models shows the importance of this pathway for upwelling of deep waters from the Indian Ocean to the ACC (Drake et al., 2018; Tamsitt et al., 2017) , indicating that this is a previously unrecognized key route for delivering carbon-rich deep water to the surface of the Southern Ocean.
In this work we provide a detailed description of the Indian DEBC structure (as illustrated in Figure 1 ), transport, and variability along the southern coast of Australia and discuss dynamics of this deep boundary current. In section 2, we describe the hydrographic data, model, and Lagrangian analysis. In section 3.1 we describe the structure and properties of the pathway; in section 3.2 we characterize the transport and variability of the DEBC. Our results are summarized and discussed in section 4.
Data and Models

Observational Data
We analyze high-quality, full-depth hydrographic data from one zonal (32 • S) and four meridional sections that transect the Indian DEBC between the southern Indian Ocean and the ACC ( Figure 3 and (Talley, 2007 (Talley, , 2011 display all of these properties for the I05, I09S, and SR03 sections; display the S05 sections. The WHP sections include chlorofluorocarbons, which are also useful for identifying IDW by a complete absence of chlorofluorocarbons relative to surrounding waters.
In addition to ship-based CTD data, we also make use of an APEX Deep Argo float, which was one of nine deep floats deployed south of Australia as part of the Southeast Indian deep Argo pilot array (Figure 3 ; Argo, 2018) . This deep float was deployed in November 2016 at 34.5
• S, 106.4
• E, and collected 81 full depth profiles between November 2016 and December 2017, drifting at a parking depth of 3,000 db and profiling to the surface every 5 days. The float surfaced in emergency mode due to a leak in January 2018 but has not been recovered. The remaining eight deep floats in this region are in the deeper part of the South Australian Basin away from the Australian boundary and have a deeper parking depth in abyssal waters; thus, the trajectories are not relevant to the pathway discussed in this work.
Model and Lagrangian Analysis
The Southern Ocean State Estimate (SOSE, sose.ucsd.edu) is an eddy-permitting ocean-ice model based on the MITgcm (Mazloff et al., 2010 (Forget, 2010) . The atmospheric state is initialized using the ECMWF ERA-interim global reanalysis (Dee et al., 2011 (Figure 2a ) (McDonagh et al., 2008; Toole & Warren, 1993) .
To further validate the SOSE solution, we compare it with observed properties at the I05 section at 32
• S (Figures 2b-2d ). The SOSE mean neutral density agrees closely with the observed I05 neutral density, with the exception of minor mesoscale deviations in the observed density, which may be due to transient eddies signals that are averaged out in the SOSE 6-year mean (Figure 2b) . The observed neutral density shows distinct downward isopycnal tilts near the eastern boundary, indicating the presence of a boundary current, which is not clear in the SOSE isopycnals ( Figure 2b ). Velocities in SOSE are challenging to compare with direct velocity measurements from LADCP, as these provide a single synoptic snapshot of a rapidly varying field. Nevertheless, we compare the I05 velocity field from LADCP with the daily average velocity of SOSE on 17 April 2009, which falls in the middle of the I05 section time period (Figures 2c and 2d ). We note that the choice of day is somewhat arbitrary but that 17 April is qualitatively similar to other days (not shown), and the alternative of comparing a time-averaged velocity section for the entire I05 section time period removes higher-frequency velocity information that is present in the LADCP section. The SOSE velocities have a similar spatial structure to the observations, including the location of enhanced bottom velocities over topography. However, while the SOSE velocities magnitudes match those observed reasonably well in the upper ocean, the SOSE velocities are much weaker than observed below 500-m depth (Figures 2c and  2d) . Comparison of the temperature-salinity relationship of SOSE with the hydrographic section observations is further discussed in section 3.1 and reveals that though the SOSE isopycnals are consistent with observations, there are some compensated salinity and temperature biases in SOSE. Lagrangian particle tracking experiments were conducted with SOSE iteration 100 daily averaged velocity output using Octopus (github.com/jinbow/Octopus) as described in Tamsitt et al. (2017) and Tamsitt et al. (2018) . Particles were released at 30
• S across the Indian Ocean between 90
• E and 115
• E in each model grid cell between 1,000-and 3,500-m depths (black lines in Figure 2a ). The horizontal spacing between particles is 1/6
• longitude, and there are 11 vertical grid levels in this depth range, with vertical spacing increasing from 163 m in the upper most grid cell to 284 m at 2,000 m and 250 m below this. The particles were released at these locations every 30 days for 6 years, leading to a total of more than 100,000 particles released in the deep Indian Ocean. The results of Tamsitt et al. (2017) , which were based on the same Lagrangian experiment as this study, were not sensitive to the number of particles tracked indicating that sufficient particles were released to track the circulation. Particles were tracked for 200 years by looping the SOSE velocity output. We note that this looping may introduce errors as a result of small drifts in the ocean state (Van Sebille et al., 2018) . To minimize the impact of this on particle pathways, we keep the depth of the particle fixed during the looping time step (Tamsitt et al., 2017) . This means that there are no artificial vertical jumps in the particle position when looping the velocity field; however, there are likely still errors introduced by looping the velocity field that we are currently unable to quantify accurately. For example, small drifts in the model deep ocean T-S properties over the 6-year model run may lead to artificial jumps in particle properties at the looping time step. The particle advection time step was 0.5 days, and particles are numerically reflected at the sea surface and water-land boundaries. There is no parameterization of small-scale mixing used in the Lagrangian experiment, but a sensitivity experiment in SOSE showed that spatial pathways are relatively insensitive to the inclusion of a stochastic noise component to represent subgrid scale turbulence (Tamsitt et al., 2017) . Along with particle position, SOSE temperature, salinity, and neutral density are saved along each particle trajectory at 5-day intervals (we did not save particle information at a higher temporal frequency due to the large size of trajectory files and constraints on computing space).
We only analyze particles with initial southward release velocities and further subset the particles to select only those that remain south of 30 • S and reach the time-mean northern ACC boundary (the Subantarctic Front) within the 200-year experiment. With these criteria applied a total of 25,129 particles is analyzed. The northern ACC boundary is defined as the northernmost closed sea surface height contour (from the SOSE 2005-2010 time mean) that passes through Drake Passage. The spatial pathways are not sensitive to this choice of ACC boundary (not shown). As in Tamsitt et al. (2017) , each particle was "tagged" with the meridional volume transport (in Sverdrups) at its release location at 30
• S by multiplying the meridional velocity by the area of the model grid cell at the particle release location. This volume transport is then conserved along the trajectories until they reach the ACC, providing an estimate of the transport of deep water between 30
• S and the ACC. We used particle transport weighting in Figure 3 by summing the volume transports of each particle at each location and normalizing by the total volume transport of all of the particles, such that particles assigned with more transport initially have a larger contribution to the pathway distribution. We refer to particle trajectories weighted by their initial transport at 30 • S as "particle transport" (Tamsitt et al., 2017) . Figure 3 shows the pathway of Lagrangian particles from the eastern Indian Ocean at 30
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• S to the ACC. Particles first travel southeastward from the Perth Basin through the gap between the Naturaliste and Broken Plateaus, before hugging the Australian continental slope, flowing eastward through the South Australian Basin and then southward west of Tasmania before reaching the northern boundary of the ACC. The pathway begins broadly across the Perth Basin at 30
• S before becoming narrower as particles travel south and turn eastward (Figure 3 ). This narrowing of the pathway is due to topographic constraints, as the Perth Basin narrows to the south, and a narrow east-west channel forms before opening to the South Australian Basin further downstream, as can be seen from the 5,000-m isobath in Figure 3 (contoured in gray). There is a secondary weaker "shortcut" pathway that splits off from the main pathway at 120
• E and travels southward across the South Australian Basin, reaching the ACC around 50
• S between 125
• E and 130
• E. This path differs from the main pathway as it is no longer associated with the continental boundary and overlying Flinders Current, although it appears that it may be related to the topography along the western edge of the South Australian Basin. The median timescale for particles to travel from 30 • S to the northern ACC boundary is 40 years.
We define the IDW density layer as extending between neutral densities 27.7 and 28.1 kg/m 3 , as this encompasses the vast majority of particle transport in the model. The distribution of particle densities has a median neutral density of 27.9 and mode of 28.0 kg/m 3 . This density distribution compares reasonably well with observational definitions of IDW, which define the core of the IDW layer as neutral density 27.8 kg/m 3 (Talley, 2013a) or 27.84 kg/m 3 (Orsi & Whitworth, 2005) . Neutral density, temperature, and salinity characteristics are mostly unchanged along particle trajectories between 30
• S and the northern ACC boundary (not shown), indicating that there is minimal water mass transformation along this deep pathway. The ensemble mean southward particle transport at 30
• S between neutral densities 27.7 and 28.1 kg/m 3 is 14.2 Sv. From the 14.2 Sv in this density layer, 5.8 Sv reaches the ACC within the 200-year experiment, without crossing north of 30
• S en route to the ACC. About 4.7 Sv of this transport reaches the northern ACC boundary in the main pathway west of Tasmania; 0.8 Sv is in the shortcut pathway between 120 • E and 135
• E, and the remaining 0.3 Sv crosses the northern ACC boundary west of 120 • E (Figure 3 ). We note that the 5.8 Sv reaching the ACC is the mean particle transport of the ensemble of 73 repeated particle releases (released every 30 days from 2005 to 2010), and the standard deviation of the ensemble is 1.3 Sv.
The Deep APEX float trajectory, which gives an approximate Lagrangian trajectory at a fixed pressure (3,000 db), is consistent with the south-eastward Lagrangian pathway found in SOSE (Figure 3 ). The float was relatively stationary while trapped in an eddy from November 2016 to July 2017, before traveling eastward for the reminder of 2017. We note that there is significant error associated with the float trajectory as a result of the float surfacing every 5 days; therefore, we cannot easily determine an accurate velocity at 3,000 db from the float displacements. However, we roughly estimate the float velocity using the displacement of the float between consecutive profiles but without taking into account the time spent profiling at different depths. This is likely an overestimate of the actual velocity at 3,000 db as the float spent roughly 15% of its 5-day cycle at shallower depths while profiling. This calculation yields a mean float speed between profiles of 6 cm/s and a standard deviation of 4 cm/s. This is somewhat larger than the SOSE 2005-2010 mean velocities at the I09S section of order 1 cm/s (Figure 4b ).
We look at the vertical structure of the Indian DEBC in SOSE at four vertical sections (one zonal and three meridional) that are colocated with historic ship-based hydrographic sections I05, I09S, S05 120
• E, and S05
132
• E (Figure 4) . The vertical extent of the Lagrangian pathway is similar at each section crossing (Figure 4) , spanning from approximately 1,500-to 3,000-m depth, with the highest probability of particle crossings at 2,000-m depth.
The 2005-2010 time-mean SOSE meridional velocity field at I05 shows a generally broad southward flow extending the full zonal width between the Broken and Naturaliste Plateaus that extends between approximately 1,200-to 3,000-m depth (corresponding to neutral densities 27.7 to 28.1 kg/m 3 , contoured in dark gray), with some intensification on the eastern edge of the section (Figure 4a ). This is consistent with eastern-intensified southward transport estimates from observations (Robbins & Toole, 1997; McDonagh et al., 2008; Sloyan, 2006; Talley & Baringer, 1997) . The distribution of Lagrangian particles crossing this section (contoured in black in Figure 4a ) shows maxima colocated with maxima in the southward time-mean SOSE velocity, but the particle crossing maxima tend to have a narrower vertical extent. Once the flow rounds the corner and travels eastward, it is more closely confined to the coast. We show only zonal velocities at the three meridional sections (I09S, S05 120
• E, and S05 132
• E) because the flow is very close to zonal at these locations but note that east of 132
• E the flow is oriented slightly toward the southeast. There is a mean eastward flow along the Australian continental slope below 2,000 m at I09S, with a strong westward mean Flinders Current above in the upper 1,500 m (Figure 4b ). There is also a second core of eastward flow further offshore extending to 38
• S with a peak at 37
• S extending over all depths and aligning with the peak in Lagrangian particle crossings at 2,000-m depth. The mean velocity structure is very similar at S05 120 Observed deep water property distributions of oxygen and DIC (Figures 5 and 6 ) support the hypothesis that the pathway is supplied by southward flow of low-oxygen, carbon-rich subtropical IDW. At the I05 section, the oxygen minimum occurs around 1,500-m depth, extending zonally between the Broken and Naturaliste Plateaus. At the meridional sections (I09S, S05 120
• E, S05 132
• E, and SR03) the oxygen minimum is strongest to the north at the Australian continental slope, with the lowest oxygen concentrations between 1,500 and 2,000 m ( Figure 5 ). The distribution of Lagrangian particle crossings at each section shows a correspondence between the depth of the peak in particle crossings and the oxygen minimum, although at I05 and I09S the peak of particle crossings is slightly deeper than the core of the oxygen minimum (Figures 5a and 5b). We also note that differences between the SOSE particle crossings and the observed property distributions may arise because of the temporal mismatch between the model time period and the observed S05 120 • E and 132 • E hydrographic sections, which were completed over a decade prior the SOSE time frame.
At the SR03 section, the distribution of oxygen is somewhat more complex, as this section crosses over the Tasman Rise and intersects the Subantarctic Front to the south (Figure 5e ). Similar to I05 and I09S, the particle crossings at this section peak deeper than the oxygen minimum, but most particles cross the section at 48
• S or in the Subantarctic Front between 50 • S and 52
• S rather than below the oxygen minimum at 46 • S or along the continental slope. Pacific Deep Water entering from the east may contribute to the observed oxygen minimum here and explain the mismatch. Distributions of nutrients (not shown) show a similar signal to oxygen, with high nutrient concentrations occurring at the same locations as oxygen minima.
Distributions of DIC ( Figure 6 ) are available at the I05, I09S, and SR03 sections and show the high DIC signature of IDW at 2,000-4,000 m, with highest DIC concentrations occurring on the eastern side of the I05 section and maximum DIC concentrations close to the continental slope coinciding with the particle crossings of the I09S section (Figures 6a and 6b) . At the SR03 section, the DIC maximum occurs at around 3,000 m adjacent to the contintental slope and offshore of the Tasman Rise between 46 • S and 48
• S (Figure 6c) .
A weak branch of the particle crossings aligns with the DIC maximum along the continental slope, but the main particle crossings of the SR03 section occur at 48 • S and 2,000-m depth, to the south of a maximum in DIC at this depth. The peak of the southernmost branch of SOSE particle crossings of the SR03 section falls in a region of somewhat lower DIC between 1,500 and 2,000 m. Given that this section is reaching the Subantarctic Front in this region, these small offsets between SOSE particles crossings and local DIC concentrations may be due to a difference in the position of the northern ACC fronts in SOSE and the instantaneous front positions during the SR03 section. The SR03 density section (not shown) shows two instantaneous density fronts, one at 50 • S and a second at 52 • S, while the SOSE mean Subantarctic Front is between 51 • S and 52
• S, at the same location as the southern peak in particle crossings in Figure 6c .
By combining the observed tracer concentrations with the volume transports from the Lagrangian particles in SOSE, we can estimate the tracer transports in the DEBC. Using the DIC concentrations from the I05 section at 30
• S (Figure 6a ), we linearly interpolate the DIC data onto the SOSE grid and multiply the DIC concentrations with the corresponding particle volume transports in each grid cell. This yields an estimate of −10.95 ×10 6 mol/s (or −4.15 GT/year) meridional carbon transport at 30
• S in the DEBC (negative indicates southward transport). While this is an approximation, it provides a first estimate of the magnitude of carbon transport in the Indian DEBC and shows that this is a large source of DIC to the Southern Ocean, relative to estimates of net DIC transport across 30
• S in the South Atlantic of −1.95 ± 0.24× 10 6 mol/s (Holfort et al., 1998) . We further analyze the temperature-salinity (T-S) characteristics of the Indian DEBC from the hydrographic data in Figure 7 . The DEBC (as highlighted by the SOSE particle crossings of each hydrographic section, contoured in orange in Figure 7 ) spans 34.5-34.8 PSU and 1-3
• C. The SOSE T-S distribution from the particles matches reasonably well with the observed distributions, although the densest maxima in the SOSE particle crossings (neutral density 28.1 kg/m 3 ) is saltier than observed at all four sections, while the lighter peak in particle crossings (around neutral density 27.9 kg/m 3 ) is somewhat fresher. There is a clear salinity maximum in the observed T-S distributions at neutral density 28.0 kg/m 3 . In the I09S and S05 120
• E meridional sections the salinity maximum represents the higher oxygen Circumpolar Deep Water offshore from the DEBC, with the lower oxygen DEBC along the Australian boundary relatively fresh at this density (Figures 7b and 7c While IDW is typically associated with a salinity maximum near its northern source, this is separated from the Circumpolar Deep Water salinity maximum in the south, and so the relatively fresh water in the dense part of the DEBC is consistent with IDW as the source (Talley, 2011) . The center of the T-S distribution of the Lagrangian particles shifts toward somewhat saltier and colder (denser) water between I05 and I09S but remains largely unchanged further downstream (Figure 7 ). This suggests that the small 0.3 Sv of particle transport that enters the ACC without crossing the I09S section comes from the warmer, fresher (lighter) section of the initial particle distribution.
To show how the T-S properties of the DEBC evolve along the current, we compare the mean T-S profile from the four sections, zooming in on the DEBC density layer, and show this alongside T-S profiles from the Deep Argo float (Figure 8 ). The biggest change in T-S properties occurs between the I05 and I09S sections, as the DEBC rounds the southwest corner of Australia and narrows, with smaller changes further downstream (Figure 8a ). The lighter density classes become cooler and fresher, while the denser part of the DEBC becomes warmer and saltier. A similar progression is seen as the Deep Argo float travels downstream (Figure 8b ; lighter colors indicate float profiles further downstream). The Deep Argo T-S profiles agree well with the I05 T-S properties and shift toward the properties observed at I09S. These T-S changes reflect isopycnal mixing of DEBC waters with water masses to the south, where Antarctic Intermediate Water is relatively fresh, and the denser Circumpolar Deep Water is relatively salty compared to the waters of Indian origin feeding the DEBC (Talley, 2011) . This indicates that although the observations and Lagrangian particles show that the density of the DEBC waters does not change significantly along its path from 30 • S to the ACC, there is substantial mixing along isopycnals with adjacent waters, which may have important implications for the fate of carbon and nutrients entering the Southern Ocean via the DEBC.
It is useful to describe the spatial structure of wind forcing, eddy kinetic energy (EKE), and potential vorticity (PV), which are likely important for determining the underlying dynamics of the DEBC (Figure 9 ). Figure 9 shows the geographic structure of the mean wind forcing and ocean characteristics from SOSE in the region of the Indian DEBC. Weak westerly winds along the southern Australian coast increase toward the south, leading to positive wind stress curl throughout the region (Figure 9a ). This positive curl drives an equatorward Sverdrup transport, which due to PV conservation constraints leads to the westward flowing Flinders Note. LNM = level of no motion; SOSE = Southern Ocean State Estimate; OCCAM = Ocean Circulation and Climate Advanced Modelling Project; LADCP = lowered ADCP.
Current that lies above the deep flow described here (Middleton & Cirano, 2002) . There are several regions of elevated EKE observed in SOSE along the pathway, most notably along the southwest corner of Australia, which has been previously identified and discussed (Cresswell & Peterson, 1993; Cresswell & Griffin, 2004; Middleton & Bye, 2007; Ridgway & Condie, 2004) , and in the "Tasman leakage" region southwest of Tasmania, as described by Speich et al. (2002; Figure 9b ).
We calculate the mean PV in the IDW neutral density layer (27.7-28.1 kg/m 3 , boundaries shown in Figure 4 ) in SOSE as PV = − (Figure 9c ). That is, the Lagrangian pathway follows PV contours for the most part but crosses mean PV contours in some locations, notably west of Tasmania where the pathway is meridional. Because PV is not conserved, diapycnal and isopycnal diffusion are important for the PV balance in this location, which also coincides with a region of high EKE where part of the East Australian Current rounds the southern tip of Tasmania (Figures 9b and 9c) . The role of eddies and PV in understanding the dynamics of the DEBC is further discussed in section 4.
Transport and Variability
We estimate the time-mean zonal volume transport above and below 1,500 m at the I09S section from 2004 hydrographic data and from the SOSE 2005-2010 velocities to compare with previous estimates (Table 2) . Following Hufford et al. (1997) , we estimate the zonal geostrophic transport from the hydrography using a level of no motion (LNM) at 1,500 m ( Figure 10 ). The maximum integrated transports are −18 Sv above 1,500 m and 15 Sv below 1,500 m, compared to −20 Sv above 1,500 m and 19 Sv below 1,500 m estimated by Hufford et al. (1997) (see their Figure 3 ). We find transports below 1,500 m with a similar structure to Figure 10 . Estimates of zonal geostrophic transports relative to zero velocity at 1,500 m (positive eastward), for the I09S section cumulatively summed southward from the Australian coast for the water column above 1,500, below 1,500, and below 3,500 m, for comparison with Figure 3 of Hufford et al. (1997) . Hufford et al. (1997) , with strong eastward transport close to the Australian coast, and two peaks in cumulative eastward transport, one at 39 • S and 41
• S. This shows clearly the DEBC along the continental slope, with secondary eastward flows below 1,500 m further offshore, although the offshore eastward flow in the geostrophic transports is located somewhat further south than in SOSE (Figures 4 and 10) . Despite the reasonable structure of the transports in Figure 10 , the choice of a fixed LNM as a reference level is insufficient. Hufford et al. (1997) find significantly weaker eastward transport below 1,500 m using LADCP velocities as a reference compared to the LNM (Table 2) . Therefore, we believe that the transport below 1,500 m in Figure 10 is likely an overestimate of the eastward flow across I09S; a careful analysis of reference velocities from LADCP data would be useful but is beyond the scope of this work.
The time-mean westward transport in SOSE in the Flinders Current at I09S in the upper 1,500 m and north of 37 • S is 10 Sv westward, with a standard deviation of 5 Sv. This is weaker than the estimated 22 Sv westward in the same depth and latitude range estimated by Hufford et al. (1997) using the WHP I09S hydrographic and LADCP data, although the SOSE transport does occasionally exceed 20 Sv. Below 1,500 m, the eastward (1997) . We choose to estimate the volume transport below 1,500 m rather than in the 1,500-to 3,000-m range where the deep current is observed in SOSE, to allow for direct comparison between SOSE and the transport estimates of Hufford et al. (1997) . The SOSE transport below 1,500 m also compares well with the approximate estimate of 4 Sv of eastward flow in the DEBC recalculated from the same WHP I09S hydrographic data referenced to shipboard and LADCP data (McCartney & Donohue, 2007) ; however, we note that the 37
• S boundary excludes some of the deep offshore eastward transport found in SOSE (Figure 4b ).
To compare the SOSE Eulerian volume transport with the transport estimates based on the Lagrangian trajectories, we sum the particle transport crossing the I09S section north of 37 • S below 1,500 m (noting that the particles were released at 30
• S down to 3,500 m and so do not sample the full depth velocity field at the I09S crossing). We obtained 4.9 Sv of eastward particle transport (with a standard deviation of 1.2 Sv across the 73 particle release ensemble members) agreeing closely with the 5 Sv (4 Sv standard deviation) Eulerian transport and giving confidence that the Lagrangian particles are accurately representing the deep water pathway. Averaging SOSE transports by season shows marginally stronger westward transport in the Flinders Current in Austral spring (September, October, and November) and stronger eastward transport in the deep pathway in winter. The winter mean transport in the deep layer below 1,500 m is 7.7 Sv (compared to 4.3, 4.7, and 4.3 in spring, summer, and autumn, respectively) and a winter standard deviation of 3.9 (compared to 4.6, 3.9, and 3.4 in spring, summer, and autumn, respectively).
There is significant temporal variability in the eastward velocities, with intermittent southward/eastward velocities in the IDW density layer (neutral density 27.7-28.1 kg/m 3 ) at the zonal/meridional sections ( Figure 11 ). Hovmöller plots of the velocity averaged in the IDW neutral density layer show that at the I05 (I09S) sections there is indication of westward (northward) propagation of velocity anomalies (Figures 11a  and 11b ). At the I05 section most velocity anomalies propagate with a westward phase speed of between 0.5 and 1 cm/s (Figure 11a ), which is slightly less than the theoretical standard linear, first baroclinic, long Rossby wave phase speed at this latitude (∼2 cm/s; Tulloch et al., 2009) . Further downstream at the S05 120
• E and 132
• E sections, there is not a clear signal of velocity propagation. However, there appears to be a strong association between velocity anomalies adjacent to the continental slope and those further offshore, with strong eastward velocities at the continental slope coinciding with westward velocities further offshore and vice versa (Figures 11c and 11d) .
We integrate the velocities in the upper ocean (from the surface to neutral density 27.7 kg/m 3 ) and in the IDW density layer (neutral density 27.7-28.1 kg/m 3 ) and meridionally at all three zonal sections close to the Australian continent (north of 37
• S at I09S and north of 36 • S at S05 120 • E and 132
• E) to obtain the time-varying volume transport in each layer (Figure 12 ). The offshore extent of the integrated transports at each section is chosen to approximate the meridional extent of the DEBC, based on the IDW layer velocities shown in Figure 11 . There is a strong positive correlation between daily averaged zonal transport in the upper ocean and in the IDW layer, with correlation coefficients of 0.83, 0.77, and 0.73 (p value < 0.05) for I09S, S05 120
• E, respectively (Figures 12b and 12d-12h) . We find no significant correlation between the upper ocean and IDW layer meridional transports at I05 (Figures 12a and 12b ). This is likely related to the fact that at 30
• S the upper ocean circulation is dominated by the Leeuwin Current, which is confined to a narrow region along the eastern boundary, while the meridional transport of deep water is not confined to the boundary and is spread out across the section from 100 • E to 115
• E (Figure 4a ). The Leeuwin current has large variability on annual and interannual timescales due to wind forcing and propagation of coastally trapped waves along the west Australian coast (Feng et al., 2003) , but it is unclear how this may relate to variability in the southward deep flow.
To gain further insight into the IDW layer transport variability, we decompose the zonal IDW layer transport into a mean and eddy component using the decomposition u ′ h ′ = uh−ūh, where u is the zonal velocity in the IDW layer, the over bar denotes a time mean, and prime denotes a deviation from the time mean (Figure 13 ). The total eastward transport is dominated by the mean component, with a weak westward eddy component opposing the mean transport ( Figure 13 ). It is somewhat counterintuitive that the mean component dominates over the eddy component of IDW layer transport given the large fluctuations in velocity (large u ′ ).
This occurs because the fluctuations in layer thickness are much less than the time mean layer thickness, such thath ≫ h ′ . The mean IDW layer transport clearly shows two separate cores of transport in the DEBC aligning with the Lagrangian particle pathways (contoured in Turquoise on Figure 13 . The first core is close to the boundary and the second is further offshore, centered at around 36
• S to 37
• S (Figure 13a ). There is a reversal of the direction of mean layer transport south of this between 120 • E and 130
• E, indicating that there may be a mean recirculation of the deep flow in this region. The eddy component of IDW layer transport has clear westward transport along the boundary west of 125 • E, opposing the mean layer transport, and coinciding with the region of high EKE identified in Figure 9b . Offshore in these longitudes, the eddy transport is weakly eastward in the same direction as the mean, while further downstream, the eddy component of IDW layer transport is weak and does not show a coherent direction (Figure 13b) 
Discussion and Conclusions
Here we have presented the first detailed description of the structure and variability of a poleward DEBC exiting the Southeast Indian Ocean at depths spanning 1,200 to 3,000 m, illustrated schematically along with the regional ocean circulation in Figure 1 . Modeled Lagrangian trajectories in the SOSE show a pathway connecting IDW to the Southern Ocean via the southern coast of Australia, which is consistent with ship-based hydrographic property distributions that show that the pathway carries the low oxygen, high DIC signature of subtropical IDW. These characteristics were clear in the WOCE WHP observations (Hufford et al., 1997; McCartney & Donohue, 2007; Talley, 2013a) , but the continuity, magnitude, and centrality of this DEBC for funneling high-carbon IDW to the upwelling regions of the Southern Ocean were not appreciated, and consideration of this DEBC ceased early on. Our analysis of observations and SOSE shows that the structure of this pathway is complex, with a component of eastward flow along the Australian continental slope underlying the westward Flinders Current and a second core of eastward flow offshore. Our estimate of transport of dissolved inorganic carbon by the DEBC indicates that this pathway is a major source of carbon to the Southern Ocean. The temperature-salinity structure shows that the DEBC properties evolve along the its path, mixing along isopycnals with deep water masses to the south. There is large variability in the transport in the deep boundary current that is strongly correlated to the variability in the Flinders Current above, indicating that the variability in the deep IDW transport is driven by the same forcing as the upper ocean on the timescale analyzed.
The SOSE results show two distinct branches of eastward flow in the IDW layer. The first lies against the continental slope underlying the Flinders Current and can be considered a true boundary current, while the second is part of a vertically coherent zonal jet extending the full ocean depth offshore (south) of the Flinders Current (Figures 4b and 4c ). This eastward jet has been detected in observations and suggested to be the southern, eastward arm of the Albany High, which is located offshore of the Australian Coast at approximately 120 McCartney & Donohue, 2007; Middleton & Bye, 2007; Middleton & Platov, 2003) .
Further work is needed to understand the characteristics of this zonal jet and how it interacts with the boundary currents in this region.
With the current dearth of observations of the deep ocean in this region, it is challenging to further characterize the variability of this DEBC on various timescales and to determine biases in model representation of the deep boundary flow. The SOSE results indicate that there is substantial interannual variability in the circulation; however, the 6-year time series is insufficient to fully characterize this and may be influenced by model drift. Additionally, the model resolution is limited and unresolved submesoscale and turbulent mixing processes likely have a substantial impact on the variability of the circulation. We have shown that while the velocities have reasonable structure, they are weaker than Lowered ADCP snapshots. We have also shown that though the density is consistent with observations, there are some apparent temperature and salinity biases. Nevertheless, the validation implies that the SOSE solution is a reasonable depiction of the region and is useful for generating hypotheses about the DEBC characteristics. A targeted observational campaign would greatly improve our knowledge of the structure and variability in the DEBC and would provide better constraints for both data assimilation and evaluation of the inferences provided in this manuscript.
There are further details of this DEBC that remain unexplored. Most notable is the origin of the IDW pathway north of 30 • S. Investigating the northern source of this pathway is beyond the scope of this current work. However, WHP hydrographic observations at 20
• S (section I03 in Talley (2013b) ) clearly show the low oxygen, high DIC, and high nutrient IDW in the eastern Indian Ocean just west of Australia, indicating continuity of this deep southward eastern boundary flow from the tropics. Another feature of the pathway warranting further attention is the shortcut separating from the main boundary pathway and traveling southeastward to the ACC between 120 • E and 130
• E (Figures 1 and 3) . Our Lagrangian results indicate that this branch of the pathway transports a significant amount of deep water to the ACC (0.8 Sv) and overlies a northward pathway of Antarctic Bottom Water that eventually reaches the Indian Ocean (Mantyla & Reid, 1995; McCartney & Donohue, 2007) . Additionally, while we have presented an initial estimate of the DIC transport at 30
• S in the DEBC, further work is needed to fully quantify the transport of carbon and nutrients into the Southern Ocean via this path and their eventual fate.
While we have presented a detailed description of the Indian DEBC, further work is needed to determine the dynamical explanations for its existence. Hufford et al. (1997) suggested that Stommel-Arons upwelling-driven abyssal circulation may explain the zonal deep boundary current along the southern Australian coast, as the eastward flow is required to join together the interior southward deep water flows west of mainland Australia and west of Tasmania. However, this simple interior circulation budget constraint does not explain the intensification at the boundary.
There are dynamical analogies between this Indian DEBC and the poleward flowing DEBCs that also exist in the South Atlantic and South Pacific Oceans and that are responsible for carrying North Atlantic Deep Water and Pacific Deep Water, respectively (Tamsitt et al., 2017) . In the southeast Atlantic, an analysis of the PV budget has suggested that the poleward pathway of North Atlantic Deep Water along the eastern boundary is driven by an eddy thickness flux from the overlying Agulhas rings eddy transport (Van Sebille et al., 2012) . The Agulhas rings may present a unique situation; however, a similar, albeit weaker, westward eddy track exists around the southwest corner of Australia (Cresswell & Griffin, 2004) (Figure 9b ), which suggests that eddy PV fluxes could play a role in the Indian pathway. Additionally, the lack of an IDW pathway along the southern coast of Australia in Lagrangian experiments using non-eddy-resolving velocities from the GFDL model suite indicates that eddy dynamics are necessary for this pathway (Drake et al., 2018) . In the southeast Pacific eastern boundary poleward pathway, there are regions where the PV balance is nonconservative. In these locations isopycnal PV stretching is a dominant term in the PV balance, suggesting the Stommel-Arons (diapycnal) balance is not the main PV regime (Faure & Speer, 2012) .
The PV distribution in the IDW layer indicates that PV is largely conserved along the pathway, apart from the southward flow west of Tasmania, where high EKE indicates that eddy PV fluxes may play a role in the PV budget in this region (Figure 9c) . It is also possible that the PV is modified by mixing with a westward inflow of Pacific Deep Water into this region through the channel between Tasmania and the Tasman rise. A full analysis of the PV budget in this region would be valuable and is the subject of future work. In addition, there is an important northward outflow pathway of Antarctic Bottom Water that enters the South Australian Basin from the south before passing northward between the Broken and Naturaliste Plateaus (Sloyan, 2006) . The interaction of this abyssal Antarctic Bottom Water pathway with the overlying deep water pathway may also be important for determining the dynamics of the deep pathway.
